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PLASMA SURFACE GRAFT PROCESS FOR REDUCING THROMBOGSNICITY 

Process for Modifying the Surface Properties of Materials Suitable for Contact 
with Living Tissue and Materials Produced Thereby 

5 

FIELD OF THE INVENTION 

The present invention relates to a novel process for modifying the surface 
properties of a material that is suitable for contact with living tissue comprising: 

10 Exposing the surface of the material to plasma treatment conditions in order to 
create reactive groups on said surface; activating a molecule to produce a reactive 
molecular species capable of forming strong bonds with the reactive groups 
created on the surface of the material; and contacting the reactive molecular 
species with the reactive groups created on the surface of the material to form 

15 strong bonds. The invention further encompasses the materials produced by this 
process as well as devices that are comprised of these process-modified materials, 
such as vascular prostheses. 

BACKGROUND OF THE INVENTION 

20 

Approximately 350 000 synthetic vascular prostheses are implanted each year as 
arterial bypasses in Western countries and Japan. Made of Dacron™ 
(polyethyleneterephthalate) or microporous Teflon™ (expanded 
polytetrafluoroethylene, or ePTFE), they perform quite well in large-diameter 
25 . vessels under high flow conditions but have a low patency rate when used as 
small-diameter bypasses (i.e., coronaries) or as medium-diameter bypasses in low- 
flow conditions and high-resistance locations (i.e., leg arteries). (The patency rate 
relates to a biomaterial's ability to remain pervious to blood flow, when replacing 
an artery). A study on 398 ePTFE vascular prostheses implanted as medium- 
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diameter bypasses and retrieved following complications revealed that 65 % of 
them had to be explanted due to thrombosis. (1) 



Endothelial cell lining is the natural blood-compatible surface that covers the 
5 inside surface of blood vessels and heart chambers, and it is recognized to be the 
best possible hemocompatible surface. The principal techniques that have been 
proposed in the past to promote endothelial cell adhesion and spreading onto the 
luminal surfaces of vascular prostheses are: (1) endothelial celt seeding; (2) graft 
pre-treatment with endothelial cell mitogens; (3) increasing structural porosity; 
10 and (4) coating the surface with a protein matrix. While several attempts have 
been made, the complete endothelial cell coverage of the blood-exposed inside 
prosthetic surfaces has never been observed in humans. It is therefore evident that 
increasing the patency rate of arterial prostheses is a high priority in current 
cardiovascular research. 

15 

It has been shown in many instances that surface modification through plasma 
treatment is one of the most promising techniques that may be used to improve 
specific hemocompatibiliry and general biocompatibility of polymeric 
materials.* 2,3 ' One advantage of the plasma treatment is that it allows formation of 

20 a covalent bond between the modifier and the surface to be treated, unlike other 
approaches where a coating is deposited inside the prosthesis without formation 
of a covalent bond c * ,5) , where the bond is ionic (S) or where the bioactive substance 
is incorporated in the biomaterial. (7) Following to the covalent bonding of the 
modifier to the surface of the material, made possible by plasma treatment, a 

25 molecule chosen for its biocompatibility properties can be covalently attached to 
the modifier either directly or through a spacer molecule. Clinically, the increased 
stability of a surface treatment involving plasma treatment could result in 
improved limb salvage rates and a possible future use in small-diameter coronary 
bypass operations. This, in turn, could minimize the incidence of re-operation for 
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patients and lower social healthcare costs related to surgical interventions of this 
type. 

Plasma treatment of biomaterials is not the only process that can yield covalent 
5 bonding of molecules possessing desirable hemocompatibility and/or 
biocompatibility. However, the processes that are described in the relevant prior 
art frequently involve several steps. (e " 14) To date, most of the experiments 
performed to improve the performance of biomaterial surfaces have been based 
on flat specimens of material, particularly polymeric sheets. Unfortunately, few 

1 0 experiments involving the use of plasma to activate the surface have been carried 
out directly on commercial prostheses with a non-planar geometry. Experiments 
done at the University of Washington,* 2 '"" 20 ' which consisted mainly in treating 
commercial Dacron™ arterial prostheses with a plasma treatment in a 
tetrafluoroethylene (TFE) gas environment so as to coat the internal surfaces of 

1 5 the prostheses with potentially more biocompatible CF 3 groups, were a precursor 
to the development of the new commercial Radio Frequency Glow Discharge 
(RFGD)-treated vascular grafts. 07 ' Yet, despite the existence of many surface 
treatment systems for biomaterial surfaces, few have resulted in the treatment, as 
opposed to the coating, of the internal surface of tubular devices. (21 " 23> 

20 

Over the last 30 years, a number of studies have been designed to test the ability 
of plasma to either treat or coat the surfaces of biomedical devices with a view to 
enhancing their biocompatibility or to modulate the interactions of polymers and 
tissue when prostheses are implanted in s/fu.' 16,24 " 30 ' Plasma polymerizable gas has 
25 been used to coat various substrates with a thin polymeric layer, 01 ' 17 -' 9 ' 24 ' 31 ' 32 ' while 
non-polymerizable gas has been applied to treat substrate surfaces. (33 " 38) 

Despite the fact that many approaches have been developed to coat or treat the 
surface of biomaterials, the introduction of amino groups through RFGD treatment 
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is particularly interesting for two reasons. First, amino groups are known to 
facilitate cellular spreading on abiomaterial surface/ 3 * 4 " Second, amino groups 
react readily with other chemical functional groups, allowing for the attachment 
of specific molecules through interactions sufficiently strong to prevent the 
5 leaching of these molecules by the blood stream/ 42 * For example, amino groups 
can be used to ionically immobilize heparin, a well-known polysaccharide 
anticoagulant/ 221 

While many efforts have been made in the last 20 years in the field of 
1 0 cardiovascular prosthetic devices to develop surfaces with improved human blood 
compatibility, an acceptable long-term blood-compatible synthetic material has 
yet to be achieved. The complexity of the interactions between blood and 
synthetic materials constitutes a major interfacial problem in this respect. 

15 SUMMARY OF THE INVENTION 

Surface treatments allow a modulation of the surface properties of a biomaterial 
to enhance its interfacial reaction with a biological environment. Low pressure 
plasma surface treatments are particularly advantageous in the design and 

20 development of new biocompatible materials, since they permit surface 
modifications without altering the bulk of the materials' properties/ 43 ' In the 
context of the present invention, they are particularly useful for modulating 
different tissue/biomaterial interface properties, but their ultimate utility may 
reside in their significant improvement of the hemocompatibility of vascular 

25 prostheses. 

Thus, in accordance with the present invention, there is provided a novel process 
for modifying the surface properties of a material that is to be placed in contact 
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with living tissues. This process comprises: 

~ Exposing the surface of (he material to plasma treatment conditions in 
order to create reactive groups on the surface of the material; 

5 

-- Activating a molecule with an activator to produce a reactive molecular 
species capable of forming strong bonds with the reactive groups created 
on the surface of the material; and 

10 - Contacting the reactive molecular species with the reactive groups 

created on the surface of the material to form strong bonds. 

Preferably, the strong bonds formed are covalent bonds. In a preferred 
embodiment, the molecule selected for activation is compatible with living tissue, 
1 5 including human tissue. 

In a specific embodiment the novel process of the present invention further 
comprises the following features: 

- the plasma is ammonia Radio Frequency (RF) plasma and the reactive 
20 groups are amine groups; 

-- the molecule selected for activation is chosen from the group consisting 
of choline, heparin, and other molecules known to those skilled in the art 
for their hemocompatibility, the activator is phosphoryl chloride (POCl 3 ) 
and the reactive molecular species is the oxyphosphorodichlorinated 
2 5 derivative of the molecule; and 

- the strong bonds are phosphoamide-type covalent bonds. 

In a preferred embodiment of the specific embodiment above, the RF power is 
between about 5 watts to about 500 watts and is applied for a time of about 10 



WO 02/070032 PCT/CA02/00261 
6 

seconds to about 30 minutes at a pressure of about 50 mtorr to about 5 torr. Those 
skilled in the art will recognize that care has to be taken, in order to avoid 
combinations of time and power that would deliver excessive amounts of energy 
to the treated surface. Such conditions lead to a microscopically brittle surface. 
5 Preferably, the RF power is about 20 watts and is applied for a time of about 250 
seconds at a pressure of about 300 mtorr. In yet another preferred embodiment, 
the RF power is about 15 watts and is applied for a time of about 100 seconds at 
a pressure of about 250 mtorr. 

1 0 Ideally, the third step of the process is performed within about 2 hours of the first 
step. 

The novel process of the present invention is particularly suitable for an 
implantable material selected from the following group: expanded 
15 polytetrafluoroethylene (ePTFE), polytetrafluoroethylene (PTFE), polyethylenes, 
polyesters, polypropylenes and polyurethanes. In a preferred embodiment, the 
implantable material is ePTFE, and the treated surface is the internal surface of a 
vascular prosthesis. In a more preferred embodiment, the vascular prosthesis has 
an inner diameter of about 1 to 30 mm. 

20 

The present invention further comprises the materials produced by the novel 
process, as well as devices comprising these materials, including any of the 
following: an implant, a prosthesis, an artificial organ, a stent, a cardiac valve, an 
apparatus contacting blood during an extra-corporal blood circulation, an 
25 apparatus contacting blood during a dialysis treatment or any other material with 
surfaces coming in contact with blood. 

Additionally, the present invention is meant to cover the use of any such device, 
particularly to prevent thrombosis in an animal, including a human being. 
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By controlling the RF power, the ammonia pressure, and the treatment duration, 
the atomic substitution percentage may be modulated and up to 15% of the surface 
atoms may be substituted with nitrogen, as probed by X-ray photoelectron 
spectroscopy (XPS). On the surface, different chemical species are present after 
5 the treatment, such as amine and imine groups. Storage in air for up to 80 days 
shows a defluorination of the surface and a slow decrease of the surface nitrogen 
concentration during this storage. Ammonia RF Plasma treatment can be 
successfully used to uniformly treat the internal surface of an ePTFE arterial 
prosthesis despite the fact that care has to be taken to prevent a significant surface 
1 0 reorganization upon exposure to the atmo sphere. (44,4S) 

The ammonia RF plasma-treated internal surfaces of vascular prostheses may be 
reacted with a substance whose molecular structure can render the prostheses more 
hemocompatible and non-thrombogenic when in use. The molecule is preferably 

1 5 activated phosphorylcholine (PRC) or any other molecule with similar properties, 
wherein the two hydroxyl groups on the phosphate moiety have been substituted 
with chlorine to form the dichloro derivative of the molecule. This dichloro 
derivative readily reacts with the amino groups resulting from the ammonia RF 
plasma treatment of the inside surfaces of the vascular prostheses, allowing for the 

20 effective anchoring of the molecule. 

It is an object of the present invention to provide a novel process for producing a 
material suitable for contact with a living tissue. This material is characterized in 
having a surface that is resistant to neutrophil adhesion and thrombosis but that 
25 enhances the development of fibroblasts and endothelial cells. The process may 
be used, for example, to treat the inside surfaces of devices, such as vascular 
prostheses, so as to enhance their hemocompatibility and make them less 
thrombogenic when in use. A further object of the invention is therefore to 
provide devices treated with the novel process of the present invention. 
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Other objects, advantages and features of the present invention will become more 
apparent upon reading of the following non restrictive description of preferred 
embodiments thereof, given by way of example only with reference to the 
accompanying drawings. 

5 

BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 is a schematic representation of the Radio Frequency Glow Discharge 
treatment system used in the process of the invention. 

10 Figure 2 shows the XPS spectrum of the inside surface of an untreated ePTFE 
vascular prosthesis and the XPS spectrum of the inside surface of an ammonia 
plasma treated ePTFE vascular prosthesis. 

Figure 3 shows the effect on the surface composition of treatments performed at 
15 300 mtorr of ammonia by varying the power (20, 40 and 50 W) and treatment 
times (10, 120 and 275 seconds). 

Figure 4 shows the relationship between the pressure within the chamber and the 
modification of the ePTFE prosthetic surface. 

20 

Figure 5 shows the percentage of nitrogen and the N/C and F/C ratios measured 
on the surface as a function of ammonia plasma treatment time. 

Figure 6 shows the derivatization reaction of a plasma treated PTFE film with 
25 chlorobenzaldehyde. 

Figure 7 shows the relationship between the atomic surface concentration of 
phosphorous grafted onto the surface (%P) and the intensity of the peak at 402 
eV. 

30 

Figure 8 shows the cellular growth determined by the fluorescence of DNA 
strands using specific markers with untreated and treated prostheses as well as 
with "control" cell cultures. 

35 Figure 9 reproduces SEM micrographs showing the degree of accumulation of 
blood platelets within (a) a prosthesis treated in accordance with the process of the 
invention and (b) an untreated prosthesis. 

Figure 10 shows the quantification of the adherent blood platelets on untreated 
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and treated prostheses. 

Figure 11 shows the quantification of the adherent neutrophils on untreated and 
treated prostheses. 

5 

Figure 12 shows the influence of a treated and untreated prostheses on the clotting 
time. 

Figure 13 shows the influence of a treated and untreated prostheses on the 
10 thrombogenic index. 

Figure 14 displays microscopic slides of the growth of fibroblasts within a 
prosthesis treated in accordance with the process of the invention ((a) and (c)) and 
an untreated prosthesis ((b) and (d)). 

15 

Figure 15 SEM images at 20x and 2000x magnification for ANBIOPA™-treated 
prostheses and commercially-available untreated prostheses after a one-month 
implantation in a canine model: a) ANBIOPA™-treated, 20x; b) untreated, 20x; 
c) ANB10PA TM -treated, 2000x; and d) untreated, 2000x. 

20 

DESCRIPTION OF A PREFERRED EMBODIMENT 

For the present purposes, we give the following definitions of the terms 
25 "untreated" and "treated". "Untreated" means a commercially available vascular 
prosthesis, to which the inventors did not apply any surface modification 
treatment "Treated" means a commercially available vascular prosthesis to which 
the inventors applied the surface modification procedure hereafter described. 



30 The term "animal" as used herein is meant to signify human beings, primates, 
domestic animals (such as horses, cows, pigs, goats, sheep, cats, dogs, guinea pigs, 
mice, etc.) and other mammals. Generally, this term is used to indicate living 
creatures having highly-developed vascular systems. 
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I. Pre-Treatment of the Inside Surface of Vascular Prostheses with 
Ammonia Radio Frequency (RF) Plasma 

5 Experimental Method 

(The Experimental Method is described with reference to Figure 1.) 

Materials 

Microporous ePTFE vascular prostheses 6 (6 and 10 mm DD) with a fibril average 
10 length of 25 microns were used, and the method is described in relation to a single 
prosthesis. 

A microporous ePTFE arterial prosthesis (length 3 to 10 cm) was first washed 
with high purity methanol for 10 minutes and vacuum-dried. This procedure was 

15 performed to remove any contaminants which may have been present on the 
surface of the "as-received" prosthesis. Following this washing procedure, two 
small holes were punctured at one end of the prosthesis, facing each other, and a 
polypropylene monofilament (5-0 - Ethicon) 3 was inserted through both holes 
and a knot tied loosely above the prosthesis. The other end of the monofilament 

20 was rolled around a pulley 5, itself located on the horizontal shaft of an electric 
motor 36 to allow a vertical displacement of the sample prosthesis inside the 
Pyrex™ tube 2 of the RFGD treatment system. Gravity caused the vascular 
prosthesis to move down inside the Pyrex™ tube. For vascular grafts longer than 
3 cm, it was preferable, in addition to the aforementioned knot and its attachment 

25 via the monofilament to the pulley, to attach a polypropylene monofilament 3 at 
the bottom of the vascular prosthesis and to attach the monofilament to the pulley 
by first letting the monofilament run down the tube and then up to the pulley. 
With this set-up, the motor can pull on the prosthesis when it is going down the 
Pyrex™ tube, and therefore friction of the prosthesis on the inside wall of the tube 

30 ceases to be a problem when moving the prosthesis down the tube. Prior to 
closing the system, a container and its cap were placed inside a bell jar 1 to collect 
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and store the prosthesis in an argon atmosphere following the RFGD treatment, 
thereby minimizing any contact of the active sites on the surface of the prosthesis 
with air. 

5 Plasma Equipment 

As shown in Figure 1, the RFGD treatment system used can be generally 
represented by the numeral 10. This system is basically comprised of a Pyrex™ 
glass tube (400 mm long, 12.5 mm i.d. for 10 mm i.d. prostheses and 8 mm i.d. 

10 for 6 mm i.d. prostheses ) 2 with an internal diameter 4 slightly greater than the 
external diameter of the prosthesis 6, a configuration which allows for RFGD 
generation on the internal side of the prosthesis only. Indeed, the path length 
between the external side of the prosthesis 6 and the Pyrex™ tube 4 is not long 
enough to allow the electron-induced cascade ionization which is necessary for 

15 plasma formation. 0 1) Therefore, the treatment of prostheses of various diameter 
requires the selection of a Pyrex™ tube of the appropriate diameter. 

As mentioned above, the criteria of selection is that no plasma is ignited on the 
outside surface of the prosthesis during its treatment. A space of about 1 mm all 

20 around the outside diameter of the prosthesis and the inside wall of the Pyrex™ 
glass tube 2 has proven to be appropriate. The Pyrex™ glass tube 2 has an inlet for 
gas injection 8 located 5 cm below its upper end. Three capacitively coupled 
copper electrodes 12a, 12b and 12c, spaced from 3 to 5 cm from each other 
(depending on the length of the prosthesis to treat), are attached to the middle of 

25 the tube 2. The vacuum within the chamber was created by a turbo-molecular 
pump 14 with a pumping speed of 60 liters/s (Model TCP015, Balzers Pfeiffer) 
which, in turn, is connected to a mechanical pump 16 (Model 1402, Welch 
Scientific Company). This set-up allows a pressure of close to 4 x 10' 5 torr to be 
reached. During treatment, pressure is kept constant within the chamber by means 
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of a capacitance pressure gauge/electromechanical valve controller 18 (type 250- 
1A, MKS Instruments) connected to an electromechanical valve 20 (type 248 A- 
00200SV, MKS Instruments) and a capacitance manometer 22 (Baratron type 
626A01TAE, MKS Instruments). Finally, gaseous molecules are excited through 
5 a radio-frequency field made by an RF generator 24 (YAESU HF transceiver FT- 
840, YAESU) that transmits the power, through a power meter 26, to an automatic 
matching network (Smartuner SG-230, SGC) 28 which then couples the RF power 
with an antenna made of three copper electrodes 12a-c. Electrodes 12a and 12c, 
located at both ends of the antenna, are connected to a ground (not shown) while 
10 the RF power is brought through the central electrode 12b . The treatment can be 
operated in a RF power range from 10 to 100W at 13.56 MHz. 

Plasma Treatment 

Initially, all valves on the system are closed. After the introduction of the 
1 5 prosthesis into the bell jar 1, valve 30 is opened and the mechanical pump 16 is 
activated to reach a vacuum of approximately 10' J torr. As soon as this pressure 
is attained inside the system, valve 30 is closed, valve 32 is opened and after a few 
seconds the turbo-molecular pump 14 is activated. After about one minute, valve 
34 is opened and pumping inside the bell jar continued until it reaches a vacuum 
20 greater than 5 x 10' 5 torr. The chamber is then isolated from the turbo pump 14 by 
closing valve 34 and high purity ammonia is introduced into the bell jar 1 via 
electromechanical valve 20 and, when the pressure is above 0. 1 torr, the bell jar 
1 is pumped by the mechanical pump 16 alone, through valve 30. The 
electromechanical valve controller 18 automatically regulates the amount of gas 
25 entering the chamber and the pressure, read by the capacitance gauge 22, settles 
within 1 minute to the value selected on the capacitance gauge/electromechanical 
valve controller. Typically, this configuration allows plasma generation within a 
pressure range of 10" 3 to 1 torr. 
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With the above parameters established, the plasma is ignited by turning the radio- 
frequency generator 24 on. Sufficient time is allowed for the matching network 
28 to reach a standing wave ratio (SWR) signal of between 1 and 1.15, as read on 
the power meter 26 in order to provide optimal matching of the power input to the 
5 discharge. RFGD treatments are then performed using a static treatment: the 
prosthesis 6 is initially located just under the inlet 8 while the plasma parameters 
are adjusted, it is then moved from this position in the Pyrex™ glass tube 2 into 
the middle of the lighted area (between the three electrodes 12a, 12b and 12c) 
using the electric motor 36, and is. maintained within the plasma for 
1 0 pre-determined periods of time. Prostheses longer than 1 0 cm could be treated by 
slowly moving the prostheses across the lighted area using electric motor 36, 
resulting in similar grafting efficiencies. (45) 

At the end of the treatment, the Radio-Frequency generator 24 is turned off and 
the gas flow stopped by closing the electromechanical valve 20 via its controller 

15 18. The mechanical pump 16 is kept in operation to remove residual gaseous 
ammonia from the bell-jar 1 until a pressure of approximately 50 mtorr is reached. 
It is then flushed with argon for 2 minutes by carefully opening valve 38. This is 
done in order to allow the excited species resulting from the plasma treatment to 
reach their ground state. After isolating the mechanical pump 16 from the bell-jar 

20 by closing valve 30, argon flow is continued inside the chamber to bring the bell 
jar back to atmospheric pressure. The prosthesis 6 is then lowered to the bottom 
of the Pyrex™ tube 2, the bell jar 1 is quickly opened and the prosthesis 6 is 
disconnected from the polypropylene microfilament 3 and put inside a capped 
container. It is then placed in a glove box purged with nitrogen where a small 

25 sample is taken for XPS studies in order to assess the success of the ammonia 
treatment. The prosthesis is then prepared for the anchoring process as described 
below. 
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II. Anchoring of Molecules 

Mimicry of the non-thrombogenic surface of the erythrocyte has been advocated 
as the starting point for the development of non-thrombogenic biomaterials. Since 
5 phosphorylcholine (PRC) is a major component of the outer surface of the 
erythrocyte, materials containing it would be expected to be non-thrombogenic. (4S ' 
50) Moreover, it is known that PRC groups attached to polymer surfaces improve 
hemocompatibility. <sl " i7) 

1 0 In order to enhance the hemocornpatibility and non-thrombogenicity of the interior 
surfaces of vascular prostheses, prostheses which had been pre-treated with 
plasma (as described above) were made to react with activated analogues of 
molecules such as phosphorylcholine (PRC). Since the ultimate goal is the 
implantation of such prostheses into the human body, the molecules must be 

1 5 solidly attached to the inside walls of the prostheses. Consequently, it is necessary 
to form strong bonds (preferably, covalent bonds) between the molecules and the 
amine groups created by the plasma treatment rather than to rely on the formation 
of ionic bonds or adsorption phenomenon to secure the molecules onto the inside 
surfaces of the prostheses. Additionally, it is desirable that any chemical 

20 treatment of this type be simple and inexpensive. 
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The general structure of the molecules is represented below : 
+ 1L-OH 

r = CH3 ■■ ■ — j> phosphorylcholine (PRC) 

Direct reaction between PRC and the amino groups present on the surface of the 
5 plasma-treated prostheses results in ionic bonds and/or surface adsorption neither 
of which, as previously stated, is sufficiently strong or stable for the applications 
contemplated. It is therefore necessary to enhance the reactivity of these 
molecules by synthesizing reactive analogues so. that they may partake in the 
creation of phosphoamide-type covalent bonds with the amino groups on the 
1 0 surface of the ammonia plasma pre-treated prostheses. In this way, the molecules 
may be anchored effectively to the interior surface of the prostheses. 



In order to achieve the desired covalent reaction, the dichlorinated derivative 
RPO(Cl) 2 of the target molecule RPO(OH) 2 must first be synthesized. The 

15 synthesis of the dichlorinated derivatives of the molecules suitable for reaction 
with the amino groups on the inside surface of the pre-treated vascular prostheses 
may be achieved in at least two ways, as revealed diagrammatically below with 
PRC. In the first pathway, PRC, which is available commercially in the form of 
a calcium salt, is reacted with an acidic resin (5!) to eliminate the calcium. The 

20 product is then made to react with phosphorus trichloride or pentachloride (or any 
halogenation agent such as phosgene, oxalyl chloride, thionyl chloride) to obtain 
the dichlorinated derivative. An alternative synthesis is shown in the second 
pathway. Here, the dichlorinated derivative of PRC is synthesized directly from 
phosphoryl chloride and choline in a single step. 
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Pathway 1 




Pathway 2 

P0C1 3 + CUCHj^N^^^ 



"OH 



Cl",{CH 3 ) 3 t 



Ca2+,4H 2 0 



complexing i 



; resin 



CHC1 3 ,T=0°C 




O 



OH 



Halogenntion agent 




C! 



cr,(CH 3 ) 3 i 




OH 



5 In a preferred embodiment, the preferred pathway is the second one described 
above which has the advantage of requiring a lesser number of steps. This 
experimental protocol takes into account such factors as reproducibility and 
toxicity, as well as feasibility on an industrial scale. 

10 Experimental Method 

The dichloro derivative of PRC is synthesized by the addition of phosphoryl 
chloride (POCl 3 ) in chloroform solution to a chloroform solution containing 
choline with glass beads (3 mm diameter) at 0°C (ice bath) in a closed glass flask, 
under a dry nitrogen stream to exclude the presence of water and displace the HC1 

15 resulting from the reaction. The mixture is then stirred at 0°C for lhr, and at 
room temperature for 12 hours to allow the reaction to proceed, as indicated by 
dissolution of the choline crystals and the formation of a oily phase. A slight 
excess of choline is used to ensure that all the phosphoryl chloride is consumed 
during the activation reaction. Immediately following the synthesis of the 

20 dichloro derivative of PRC, the 3 cm prostheses are immersed at room temperature 
in the abovementioned glass flask and agitation is continued for an additional 2 
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hours. In the case of longer vascular prostheses (>3 cm) a simple system was 
designed with a 1 -liter commercial glass reactor with an outlet at the bottom. In 
this case, following the 12 hours of mechanical agitation, the chloroform layer at 
the bottom was removed via the bottom outlet of the flask and was replaced by 
5 fresh chloroform in order to remove any remaining POCl 3 . A PTFE diaphragm 
pump is then used to circulate the activated PRC solution from the bottom of the 
reactor, through a section of PTFE tubing, then through a vertical glass tube in 
which the prosthesis is held. Finally, a section of PTFE tubing brings back the 
solution in the glass reactor for recirculation. 

10 

When the grafting of the activated PRC has occurred, the prostheses are washed 
many times in water to eliminate all traces of chlorine that may remain on the 
phosphoamide moiety of the anchored molecule (see Step 2 of the complete 
reaction, below) as well as all traces of reactants and solvent. The prostheses are 
1 5 then dried under vacuum overnight before being analyzed by XPS and static SIMS 
to deterrnine the level of grafting. 
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Overall Reaction for ePTFE VasculaT Prostheses Inner Surface Treatment 
I) POd3+HO-(CH 2 ) 2 -N + -(CH 3 )3,X- ^ CI-P-O-CCHj^-tC^.X- +HCI 



NH, 

asm ,~ 



NH— P-CKCH^-N -(CH^ , X' + HCI 



HjO NH — PO-(CHj) 2 -N + -(CHj).j +HC1 
O- H+,X- 



The process of the present invention may be extended to bind other molecules that 
are highly compatible with biological tissue, such as blood tissue. In fact, 
preliminary results m indicate that the internal surface of commercial ePTFE 
arterial prostheses that were previously treated with the ammonia plasma 
treatment described herein can be homogeneously coated, using a grafting method 
different from the one presented here, with polyethylene-glycol (PEG), which is 
another highly biocompatible molecule. 
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Characterization of ammonia RFGD plasma treated surfaces and PRC- 
grafted surfaces 

X-ray Photoelectron Spectroscopy (XPS) Analyses 

X-ray photoelectron spectroscopy (XPS) was used to characterize the modified 
5 surfaces. XPS spectra were recorded using a PHI 5600-ci spectrometer (Physical 
Electronics). A monochromatic akuninum X-ray source (1486.6 eV) was used to 
record the survey and high resolution spectra of the prosthetic surface. For both 
type of analyses, the power source was kept at 100 W to rninimize X-ray induced 
modifications of the specimen and the detection was performed at 45° with respect 
10 to the surface. The pressure within the XPS analytical chamber was kept at about 
5 x 10" 9 torr. 

Ammonia RFGD plasma treated ePTFE surfaces 

After RFGD ammonia plasma treatments, specimens were longitudinally opened 
15 in a chamber under nitrogen positive pressure and their internal surfaces were 
analyzed by XPS within 30 minutes of the RFGD treatment. Surface atomic 
concentration of oxygen was always lower than 5 %. 

In order to collect data of the surface modifications along the longitudinally- 
20 treated length of a specimen, the XPS analysis area was moved along the length 
of the prosthesis. To validate that the RFGD system resulted in the treatment of 
the internal surface only, XPS analyses of the external surface of a prosthetic 
specimen treated at 20 W, for 250 seconds with an ammonia pressure of 300 mtorr 
were conducted. The data (not shown) confirmed that the external surface was 
25 not modified by the glow discharge when the internal diameter of the Pyrex™ 
tube was chosen to be only slightly larger (1 mm) than the external diameter of the 
prosthesis. Under the pressure and power conditions used, the Debye length did 
not allow the formation of a stable plasma between the external surface of the 
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prosthesis and the internal surface of the tube, because the ionization processes 
were insufficient to compensate for the recombination processes/ 60 * 

All results are discussed by considering the percentage of atomic concentration of 
nitrogen on the surface, and the N/C, F/C and O/C surface concentration ratios. It 
5 was observed that because of experimental and instrumental uncertainties, atomic 
concentration values above 5 % are reliable to ± 1 % (absolute) or better. As 
gaseous ammonia was used to create the plasma, it is clear that the percentage of 
nitrogen would be a valid indicator of the extent of the RFGD treatment. 
Moreover, the N/C ratio probes the extent of nitrogen atom insertion onto the 
10 ePTFE surface, while the F/C ratio monitors the level of defluorination and is 
indicative of the amount of fluorine atoms substituted by other atoms and/or 
multiple bond formations within or between the chains. 

Relationship between the Nature of the Nitrogen-Containing Species Grafted 
1 5 onto the Surface of the Vascular Prostheses and Treatment Parameters 

With a view to understanding the relationship between the nature of the nitrogen- 
containing species grafted onto the surface of the RFGD treated ePTFE samples, 
different tests were performed to investigate the effects of variable parameters 
such as gas pressure, RF power and treatment time. Prostheses measuring 3 cm 

20 in length were treated under conditions where two of the variables were kept 
constant while the third was varied. As may be seen in Figure 2, the RF plasma 
treatment allowed a surface atomic nitrogen concentration of up to 15 % to be 
reached, with an average N/C ratio of up to 0.3, at 20 W for 250 seconds and with 
an ammonia pressure of 300 mtorr. This represents a significant improvement over 

25 previously-reported results following treatment aimed at incorporating nitrogen 
on ePTFE surfaces, where published data indicates a percentage of nitrogen 
between 1 and 3 % <?6 ' 42,6l) or a N/C ratio between 0.06 and 0. 18 (2M3 ' 59) . A possible 
explanation for the present results may reside in the cylindrical configuration of 
the reactor chosen maximizes the efficiency of the treatment <59) . 
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The three surface characterization parameters (F/C, N/C and %N) indicate that the 
surface modifications induced on any given prosthesis are fairly homogenous : for 
example, (13 ± 1)% atomic nitrogen concentration on a 7 cm-segment of a 6 mm 
ID prosthesis (250 s, 300 mtorr, 15 W). The degree of homogeneity required for 
5 subsequent grafting of the hemocompatible molecule and obtaining of an 
improved performance of the vascular prostheses can only be properly determined 
by hemocompatibility tests. However, the observed relative uniformity of surface 
modifications following ammonia plasma treatment provides a good starting point 
for the subsequent grafting. 

10 

Figure 3 shows the effect on the surface composition of treatments performed by 
keeping the pressure constant (300 mtorr) while varying the power (20, 40 and 50 
W) and treatment times (10, 120 and 275 seconds). It appears that the nitrogen 
concentration reached its highest value for a RF power of 40 W. The N/C ratio 

1 5 measured for the experiments performed for 275 seconds was significantly higher 
than that measured following treatment for 120 seconds. On the other hand, the 
F/C ratio was identical for these two treatment times for all RF powers tested. 
Thus, this data suggests that, despite leading to a higher nitrogen surface 
concentration, longer treatment times did not promote increased fluorine 

20 substitution. This result could mean that different treatment times lead to the 
formation of different chemical species on the surface. 

As may be seen in Figure 4, increasing the ammonia pressure from 100 to 600 
mtorr (RF power kept at 20W and treatment time at 10s) lead to only a slight 
25 increase of the nitrogen content: from lower to higher pressures, this content 
ranged from 5 to 7%, respectively and the N/C ratio which ranged from 0.14 to 
0.16. However, it is clear that the defluorination of the surface is highly pressure- 
dependent; the F/C ratio decreased from 1.45, for a 100 mtorr pressure, to 1. 1 at 
600 mtorr. Therefore, it is evident that despite a similar nitrogen insertion, the 
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chemical moieties formed on the surface depend upon the pressure within the 
chamber. 

Further experiments were carried out to detenriine the time required to reach an 
5 approximately constant surface concentration of nitrogen. The nitrogen 
concentration reached a plateau after a treatment time of 160 seconds, as shown 
by the percentage of nitrogen and the N/C ratio measured on the surface (Figure 
5). Defluorination of the surface, despite showing a more complex behavior, 
appears to follow a similar pattern. 

10 

The above results have shown that the pressure, the duration and the RF power of 
the treatment all have an effect on the chemical composition as seen from the 
surface characterization parameters given by the survey spectra. In particular, 
these results raise the possibility of presence of different nitrogen species as a 
1 5 function of the above three treatment parameters. 

As several nitrogen containing species may be formed upon the ammonia RFGD 
plasma treatment, we have performed surface derivatization in order to quantify 
the percentage of the nitrogen present as NH 2 species. The results of the surface 

20 derivatization on model surfaces (not shown) demonstrated that 
chlorobenzaldehyde specifically reacts with the amine moieties as depicted in 
Figure 6. Therefore, the chlorine XPS signal of the derivatized surface allows the 
determination of the surface amine concentration as described by d'Agostino et al. 
(62) . Using the surface derivatization technique, it was possible to show that up to 

25 45% of all the nitrogen species grafted onto the surface during the plasma 
treatment are amine moieties ( as shown in Table 1 by % of N„ present as NHj). 
In addition, the data presented in the Table 1 also indicate that the surface amine 
concentration may be controlled by changing the plasma treatment duration. For 
example, the surface concentration of NH 2 on the surface goes from 3.6 % for a 
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50 second treatment duration to 6.0 % when the surface is treated for 250 seconds. 
However, too long exposures to the plasma environment should be avoided to 
minimise the occurrence of polytetrafluoroethylene chain scission or formation of 
double bonds. (64) 

5 

Table 1 : Quantification of amine groups on plasma-treated PTFE film 

Plasma treatment % of N 0 Surface concentration 

Duration F/C N/C %N 0 present as NH 2 of NH 2 

250s 0.499 0.269 14.3 
100s 0.626 0.229 11.9 
50s 0.865 0.249 11.6 



42 
31 



6.0 
5.0 
3.6 



One skilled in the art will appreciate that the surface amine groups can be created 
1 0 on the surface by methods different from the one presented here without departing 
from the spirit of the present invention. For example, amine groups can be created 
on the surface not only by using an ammonia plasma, but also by using plasmas 
of N 2 H 4 (hydrazine), (65 ' 66) aliphatic amines, m coating-forming gases such as 
allylamine, (58 " 71) to name a few non-restrictive possibilities. U.S. Patent 
15 6, 159,53 1, (72) for example, briefly discusses the relative merits of these gases in 
view of their use as precursors to surface amine groups. Various methods of 
activating the surface can also be used, other than the continuous capacitively 
coupled RF plasma used here. Without departing from the spirit of the present 
invention, these include, but are not limited to, pulsed plasma, <SB - 70 - 73) inductively 
20 coupled RF plasma, (74 " 7S) corona discharge, p7 ' 78) microwave plasma c?9, 50) and UV 
irradiation. (81,82) As an example, one can read U.S. Patent 5,922,161, (S3) which 
teaches the use of such treatments for the partial surface oxidation of polymers. 

Furthermore, without departing from the spirit of the present invention, one skilled 
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in the art will appreciate that surface reactive groups other than amine can 
successfully react with the oxyphosphorodichforinated derivative form of 
phosphorylcholine or another so-activated molecule. Hydroxyl and thiol groups 
(84-87) ^ tWQ non _ resrr i c tive examples of such surface groups. Conversely, 
5 different pathways, in addition to the one proposed here, can be followed to obtain 
an activated form of phosphorylcholine, as one skilled in the art knows. These 
additional activation methods include, but are not limited to, using reagents such 
as PC1 S , PC1 3> PBr 5 , PBr 3 , PL,, SOCl^ SOBr 2 ,COCl 2 , COBr 2 , (COCl) 2 , (COBr) 2 to 
directly activate phosphorylcholine through the formation of at least a reactive P- 
10 halogen bond. (87,88) 

Storage in Atmosphere of the ammonia plasma treated prostheses 

Surface atomic concentrations as a function of the storage time in air 

1 5 The surface atomic concentration of nitrogen on the surface of a treated prosthesis 
tends to slowly decrease (from 14 % initially to 12 % after 80 days of storage in 
air or a decrease of N/C from 0.3 to 0.2) and oxygen uptake is also observed (O/C 
increased from 0.05 to 0.3 after 20 days) (A5> . Therefore, it is preferable to perform 
the grafting of the molecule shortly after tiie plasma treatment, preferably within 

20 two hours (45) . 

PRC grafted ePTFE surfaces 

The atomic surface compositions were also determined by XPS spectroscopy. 
First, the survey spectra clearly showed that there is phosphorus and chlorine atom 

25 integration in approximately similar concentrations, as expected from the 
molecular structure of PRC (chlorine is present as the counterion of the N(CH 3 ) 3 + 
moiety of PRC). The extent of grafting of the PRC was therefore estimated from 
the percentage of phosphorus detected by XPS. Moreover, Figure 7 shows that 
the N Is High Resolution XPS spectra clearly indicates that there is a good 

30 correlation between the trimethylammonium peak at 402 eV (a peak which is not 
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present on an ammonia plasma-treated prosthesis) and the percentage of 
phosphorus grafted onto the prosthesis. Indeed, there is a linear relation between 
the extent of PRC grafting (characterized by %P), and the trimethylammonium 
peak, *N(CH3)3 (Figure 7). The C Is peak (not shown) for each of the three methyl 
5 groups from the trimethylammomum moiety, "^(CE^, followed the same trend 
and provided further indication of the successful grafting of PRC onto the surface. 

The PRC grafting on PTFE films was also coiifirmed by static SIMS (static 
Secondary Ion Mass Spectroscopy). This method identifies molecules adsorbed 

10 on a surface by recording the mass spectra of atomic or molecular particles which 
are emitted when a surface is bombarded by energetic primary particles. The 
secondary ions emitted from the surface result from the fragmentation of the initial 
surface molecules and are only detected under their ionized state (positive and 
negative state). The peaks are given in Dalton (molecular weight - gmol"'). Thus, 

15 from an analysis of these spectra it is possible to determine the initial structure of 
the molecules grafted onto the surface. 

The spectra of a PRC-grafted PTFE film (not shown) gave the following 
fragments and confirmed the PRC grafting. 

20 
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O 

122.1 -NH-P-O-C^-ChJ 

O- 78.8 P0 3 

58.1 + N-(CH3>3 62 - 8 po 2 

43 + N"(CH3) 2 

0-CH 2 — CH+ 
29 +N-CH3 
15 CH 3 + 

III. Sterilization of Inner-Surface Modified Vascular Prosth eses 

5 

For the present method of surface modification to be useful, it is required that 
sterilization not remove the grafted molecules, A very widely used method for 
sterilization is autoclaving. At least two possible methods of autoclaving may be 
contemplated: 

10 1) sterilization under vapor pressure: 120 °C, 1 5 PSI, 20 min; and 

2) dry sterilization: short duration and high temperature (180 °C, lh) or for 
a longer duration at a lower temperature (150 °C, 2h). 

According to scientific literature, PRC derivatives are stable when subjected to the 
1 5 first sterilization procedure. In addition, ePTFE prostheses are more frequently 
sterilized in this manner. This method is recognized and used by hospitals. 

Sample PRC-grafted films and prostheses were placed in a sterilization bag and 
sealed. A sterilization marker, a piece of adhesive tape, was placed on the bag; 
20 this indicator darkens when sterilization is successful. Following the sterilization 
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procedure, the sample prostheses were analyzed by XPS to determine whether 
their compositions and the distribution of the phosphorus atoms had been altered. 
The results are summarized in Table 2 below. 

5 Table 2 ; Effect of Sterilization on PRC-Grafted Prostheses 



Sterilization 


Before 


After 


After 6 months 


%P 


5±1 


4±1 


3.4 ± 0.6* 



* This data was obtained from a 8 cm-segment of a 6 mm ID prosthesis (yielding 
60 data points) whereas the other values were estimated from a shorter segment 
10 (1 cm, yielding 6 data points), hence the difference in the standard deviations. 

Despite the slight decrease in the percentage of phosphorus, which is taken as a 
measure of the amount of PRC on the surface because it is otherwise absent, PRC 
grafting was found to be stable when subjected to sterilization under vapor 

15 pressure and the distribution of the grafting on the surface remained 
homogeneous. The surface concentrations were stable after 6 months and the 
distribution remained homogeneous (the same was observed for intermediate 
times of 1 and 2 months for different prostheses). Consequently, the sterilization 
procedure most practiced by hospitals does not appear to adversely modify the 

20 quantity and distribution of the grafted molecules on the PRC-treated vascular 
prostheses. 

IV. In vitro Testing of Inner-Surface Modified Vascular Prostheses 



25 



A. Non-toxicity of ammonia RFGD plasma treated Prostheses 

To verify the non-toxicity of ammonia plasma treated prostheses, we used the 

diffusion test which determines whether cellular growth is inhibited by the 
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biomaterial by using a coloring agent specific to DNA (Hoechst). The elution test, 
also known as "extract dilution", was also used; it determines whether there is 
inhibition of cellular growth by looking for an extract of biomaterial. 

5 a) Diffusion Test 

Human endothelial cells derived from an umbilical cord were cultured in a 24-well 
plate (1 x 10" cells/well), taking care to pre-treat each well with gelatin before use. 
The cells were allowed to grow in Medium 199 containing 10% FBS, heparin (90 
g/ml), L-Glutarnine (2 mM), penicillin G (100 1.U./ml), streptomycin sulfate (100 

10 p.g/ml), amphotericin B (250 ng/ml) and ECGS (20 ug/ml). Circular prosthetic 
samples measuring 7 mm in diameter from both treated and untreated prostheses 
were placed in the 24 wells. The cultures were incubated for 3 days with 5% C0 2 
in a humid atmosphere. Subsequently, the cultures were washed, lysed, treated 
with Hoechst #33358 and finally transferred to another plate designed for 

1 5 fluorescent studies. Readings were taken with a Bio-Tek FL600 fluorometer, and 
the quantity of DNA calculated from a calibration curve. At the same time, cells 
were cultured in wells without prosthetic samples (control). 

b) Elution Test 

20 Two samples, one from a pre-treated prosthesis and the other from an untreated 
prosthesis, were incubated in Ml 99 for 7 days. Twenty-four hours before the end, 
endothelial cells were cultured in a 24-well plate. At the seventh day, the cells 
were cultured in the Ml 99 medium used with the prostheses. (It is important to 
note here that, in contrast to what is done in the Diffusion Test, only the medium 

25 is used; the sample prosthetic devices are set aside following the incubation 
period.) The endothelial cells are incubated for 3 days under the same conditions 
as those for the Diffusion Test and analyzed in the same way (fluorometry). 

Table 3 shows the results for the Diffusion and Elution Tests on untreated (virgin) 
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prostheses, on ammonia plasma treated prostheses and on control samples. (All 
experiments were done in duplicate, series A and B.) These results demonstrate 
that there are no significant variations in the level of cellular proliferation. It may 
therefore be concluded that ammonia plasma treated ePTFE vascular prostheses 
5 are no more toxic than untreated ePTFE vascular prostheses. 



Table 3 : Results of in vitro Cellular Cultures Analyzed by Fluorometry 



Test 


Untreated Prostheses 
(* 10<) 


Ammonia Plasma 
treated Prostheses 
(* 10') 


Control 


Diffusion 








Series A 


54 +1 


52 ±2 




Series B 


43.7 ±0.5 


43.1 ± 0.5 


40+1 


ELution 

Series A 


32.9 ±0.4 


33 ±1 




Series B 


28±1 


32 ±1 


31 ±2 



10 

Cytotoxicity of the PRC-grafted vascular prostheses 

As discussed above, toxicity tests performed on prostheses following plasma 
treatment but prior to the anchoring of the molecules revealed that the plasma- 
treated prostheses were non-toxic, or at least no more toxic than virgin prostheses. 

15 The next logical step was to determine whether prostheses which had been 
completely treated by the process of the present invention were also non-toxic to 
cells, and particularly to endothelial cells which naturally line the internal surface 
of blood vessels. Endothelial cells are currently used to verify the toxicity of 
certain products as well as to check the efficiency of sterilization. In cytotoxicity 

20 testing, the prostheses are not in direct contact with endothelial cells and the 
incubation period is 3 days at 37 °C. Cellular growth is determined by the 
fluorescence of DNA strands using specific markers. 
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Testing was repeated several times in order to obtain the best statistical average 
for the cell culture results. To gain a better appreciation of the effect of PRC 
grafting on the cells, tests were also performed on untreated prostheses as well as 
with "control" cell cultures. 

5 

The histogram in Figure 8 clearly shows that treated prostheses have no more 
effect on cell growth than do untreated prostheses and neither of them have a 
significant effect on the growth of the cells. Hence, the prostheses treated with the 
process of the invention are non-cytotoxic and in fact seem to slightly favor 
1 0 endothelial cell growth. These findings are promising given that endothelial cells 
must line the internal surfaces of the prostheses. 

B) Blood Platelets Adhesion 

15 Adhesion and Aggregation of Blood Platelets 

The adhesion and aggregation of blood platelets on prosthetic devices has a direct 
effect on hemocompatibility, since the platelets are involved in the coagulation 
cascade. Indeed, the adherence of platelets on the internal surfaces of prostheses 
may prevent the adherence of endothelial cells (the natural lining of blood 
20 vessels), and may result in thrombosis if the accumulation is too important. 

In vitro studies were performed several times in the following manner. Following 
the centrifugation of human blood, the platelet-rich plasma was extracted and 
placed on prostheses for one hour at 37 °C. The prostheses were then treated with 
25 different solutions before analyses by SEM. 

Figure 9 shows SEM photographs of treated and untreated prosthetic devices. A 
comparison of the two photographs reveals that the untreated prosthesis has a 
significantly greater accumulation and activation of platelets than the prosthesis 
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that had been treated with the process of the invention. Hence, the treated 
prosthesis appears to prevent much more effectively the accumulation of blood 
platelets. 

5 Quantification of Blood Platelets 

After centrifugation of human blood, the platelet-rich plasma (5 * 10 4 platelets / 
ul count by a hemocytometer) was extracted, radiolabeled with sl Cr and placed 
on prostheses for two hours at 37 °C. The prostheses were then washed three 
times with sterile PBS before analyses and the amount of platelet uptake was 
1 0 evaluated by a gamma scintillation counter adjusted to 270-370keV. This test was 
performed 3 times with human blood from six donors (Figure 10). 

In all cases, no significant difference in the adherent platelets was noticed for 
untreated and treated prostheses. 

15 

C) Neutrophils 

Neutrophils are characteristic of the inflammatory response of an individual to a 
foreign material. 

20 After centrifugation of human blood, the leukocyte-rich suspension was extracted, 
radiolabeled with lu In and placed on prostheses for two hours at 37 °C. The 
prostheses were then analyzed and the adherent neutrophils were evaluated by a 
gamma scintillation counter adjusted to 260-480keV. This test was performed 
three times with blood from six different donors (Figure 1 1). 

25 

For every individual, there were fewer adherent neutrophils on the treated 
prosthesis than on the untreated prosthesis. Thus, it appears that the inflammatory 
response was reduced by the PRC grafted on the prosthesis. 
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D) Clotting time 

Platelet adhesion to biomaterials is often used as an indication of blood 
compatibility, but a more clinically relevant issue is whether the adherent platelets 
are able to promote clot formation. Indeed, clotting events require the presence 
5 of other blood elements such as fibrinogen to catalyze the clotting cascade. 
Longer clotting times are taken as indicative of a better thrombogenic resistance 
of a prosthesis in contact with blood. 

Normal human blood was collected into a citrate anticoagulant tube and a 1-ml 
sample was deposited onto the surface of the prosthesis. The clotting time was 
determined visually: the blood was deemed to have clotted when there was no 
longer a movement of the blood in response to a tilting motion of the sample 
prosthesis. This test was performed three times with blood from six human 
donors, on untreated and treated (PRC-grafted) prostheses (Figure 12). 

As observed in Figure 12, clotting times were significantly longer on PRC-grafted 
prostheses. Thus, it appears that the treated prosthesis is less thrombogenic when 
compared to the untreated prosthesis. 

20 E) Thromboelastography 

Another important measure of the thrombogenic potential of a material is the 
evolution of the elastic properties of whole blood clots that form on the surface of 
the material. For a given material in contact with blood, the thrombogenicity 
index takes into account the coagulation time as well as the elasticity of the blood 
25 clot. Surfaces with good blood compatibility should exhibit low thrombogenecity 
indexes, as measured by a thromboelastograph. This technique uses a steel piston 
placed in a cuvette having a 1-mm clearance between the piston and the inner 
surface of the cuvette. Blood is placed inside the cuvette. As coagulation 
proceeds, the elasticity of the forming blood clot varies and these changes are 



10 



15 
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detected by the torsion wire to which the piston is suspended. This is converted 
to an electric signal which is sent to a chart recorder. The resulting trace is called 
the thromboelastograra (TEG), which records the elasticity of the formed blood 
clot. This test was performed using the blood of six human donors, on samples of 
5 untreated and treated prostheses (Figure 13). 

Comparison of the index of thrombogenic potential for treated and untreated 
prostheses showed a lower thrombogenic potential for the PRC-grafted prostheses. 
Values ranged from 17 to 45% lower, except for one individual where the value 
10 was 30 % higher. Thus, the treated prostheses improved the non-thrombogenic 
potential of the initial material. 

F) Fibroblast Cultures 

The development of an endothelium, which is the natural hemocompatible surface, 
15 on the surface of prostheses would render them more hemocompatible. 
Fibroblasts, which are cells capable of differentiation, are commonly used for in 
vitro hemocompatibility tests. By testing the adsorption of fibroblasts, one can 
measure the ability of a material to act as a viable substrate for the adsorption and 
spreading of cells. The adsorption and spreading of cells represent conditions that 
20 are necessary for the development of the endothelium. 

Fibroblasts were placed in direct contact with the prostheses in order to observe 
the ability of cells to develop on different materials. The cells were allowed to 
grow for 7 days at 37 °C. The fibroblasts were then observed through a 
25 microscope using two coloring agents: the Hoescht reagent marked the nucleus 
(allowing the cells to be counted) and rhodamine dyed the actin filaments in the 
cytoplasm (allowing the shape of the cells to be determined). 

As shown in Figure 14, the development of fibroblasts on the surface of the 
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prostheses treated by the process of the present invention was greatly enhanced in 
comparison to the untreated prosthesis: the number of nuclei is greater, and the 
shape of the fibroblasts is more elongated, which shows that the cells adhere to 
and develop on the surface. 

5 

G) Endothelial Cell Cultures 

Endothelial cells are the cells that naturally line the internal surface of blood 
vessels; they therefore constitute the ideal hemocompatible surface. Because 
endothelial cells are known to be more fragile and sensitive than fibroblasts, this 

1 0 test is more severe. Endothelial cells were cultured following the same protocol 
as that used for the fibroblasts. The incubation period was 3 days at 37 °C. The 
development of endothelial cells was greatly enhanced on the prosthesis treated 
by the process of this invention than on the untreated one. Figure 14 shows the 
optical microscope image obtained after using the Hoescht reagent to mark the 

15 nucleus of the endothelial cells. The number of cell nucleus is clearly more 
important on the treated prosthesis, as is the spreading of the cells, as observed by 
SEM (Figure 14). 

V. In vivo Testing of Inner-Surface Modified Vascular Prostheses 

20 

The in vivo response of the ANBIOPA 1M -treated prostheses was tested in a canine 
model. The implantation period was one month and six dogs received a 
prosthesis: three received an untreated Gore-Tex™ ePTFE prosthesis while the 
three others received an ANBIOPA™-treated prosthesis. 

25 Surgery 

(The following procedure, while described in relation to a single dog, was used 
on all six dogs that participated in the trial.) 
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After a 24-hour fast, a conditioned mongrel dog having a weight of between 20 
and 25 kg was pre-anaesthetizedby intra-veinous administration of atropin sulfate 
(0.05mg/kg) and acepromazin maleate (O.lmg/kg). The dog's abdomen was 
shaved and disinfected by an application of Hibitane and Proviodine. The dog 
5 was then placed on a surgical table in decubitus position, anaesthetized by intra- 
veinous administration of Penthothal (lOmg/kg) and then ventilated with a mix of 
air and isofuran to maintain anaesthesia, After abdominal incision, the sub-renal 
aorta was localized and cleared of surrounding structures before the collateral 
arteries were tied. Prior to clamping, heparin (0.5mg/kg) was injected as an anti- 

1 0 coagulant. The aorta was clamped upstream and downstream of a 5 cm segment 
in an aorto-aortic position and this segment was replaced with a 6mm diameter 
vascular prosthesis (untreated commercially available prothesis or ANBIOPA™- 
treated prosthesis) of the same length by termino-terminal anastomosis using a 
Surgilene™ monofilament. The dog was stitched and butorphanol tartrate 

15 (0.2mg/kg) was subcutaneously injected as an analgesic for three days after 
surgery. Following surgery, the dog was fed with a standard diet until 
explanation of the prosthesis one (1) month later. 

Image analysis 

SEM observation on the explanted prostheses shows clear differences between the 
20 untreated commercially available prostheses and the ANBIOPA™-treated 
prostheses (Figure 15). At low magnification, the surface of an ANBIOPA™- 
treated prosthesis remains uniform with a smooth surface and is almost deposit 
free (Fig. 15 a). Further observations at higher magnification reveal a coating 
consisting of several layers of red blood cells (Fig. 15 c). The lack of activated 
25 platelets and fibrin clot on an ANBIOPA™-treated prosthesis surface suggests an 
anti-thrombogenic property. On the other hand, an untreated commercially 
available prosthesis shows important deposits on the surface at low magnification 
(Fig 15 b) with deposits mainly composed of a network of activated platelets and 
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red blood cells trapped in a fibrin clot (Fig. 15 d), thus providing evidence of 
thrombus formation. 

Although the present invention has been described by way of preferred 
5 embodiments thereof, it can be modified without departing from the spirit and 
nature of the subject invention, as defined in the appended claims. 
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WHAT IS CLAIMED IS: 

1 . A process for modifying the surface properties of a material suitable for 
contact with a living tissue comprising : 

5 

Exposing the surface of the material to plasma treatment conditions 
in order to create reactive groups on said surface; 

Activating a molecule with an activator to produce a reactive 
10 molecular species capable of forming strong bonds with the 

reactive groups created on the surface of the material; and 

Contacting the reactive molecular species with the reactive groups 
created on the surface of the material to form strong bonds. 

15 

2. A process as defined in claim 1, wherein said strong bonds are covalent 
bonds. 

3. A process as defined in claim 1 or 2, wherein the resulting surface of the 
20 material is compatible with living tissue. 



4. 



A process as defined in claim 3, wherein said tissue is blood tissue. 
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A process as defined in claim 1, wherein : 

said plasma is ammonia Radio Frequency (RF) plasma and said 
reactive groups are amine groups; 

said molecule is selected from the group consisting of choline, 
heparin, and other molecules known to those skilled in the art 
for their hemocompatibility, said activator is phosphoryl 
chloride (POCl 3 ) and said reactive molecular species is the 
oxyphosphorodichlorinated derivative of said molecule; and 
said strong bonds are phosphoamide-type covalent bonds. 

A process as defined in claim 5, wherein said plasma treatment conditions 
consist of the application of a RF power of between about 5 watts to about 
500 watts for a time of about 10 seconds to about 30 minutes at a pressure 
of about 50 mtorr to about 5 torr. 

A process as defined in claim 6, wherein said plasma treatment conditions 
consist of the application of a RF power of about 20 watts for a time of 
about 250 seconds at a pressure of about 300 mtorr. 

A process as defined in claim 6, wherein said plasma treatment conditions 
consist of the application of a RF power of about 15 watts for a time of 
about 100 seconds at a pressure of about 250 mtorr. 



A process as defined in claim 7 or 8, wherein the third step is performed 
within about 2 hours of the first step. 



WO 02/070032 PCT/CA02/00261 

46 

10. A process as defined in any one of claims 1 to 9, wherein said material 
suitable for contact with a living tissue is material implantable in an 
animal's body. 

5 11. A process as defined in claim 1 0, wherein said material implantable in an 
l's body is selected from the group consisting of: 



Microporous expanded polytetrafluoroethylene (ePTFE), 
polytetrafluoroethylene (PTFE), polyvinylchloride (PVC), 
polyethylenes, polyesters (such as polyethylene terephtalate - 
PET), polypropylenes, polyurethanes, polycarbonates, 
silicones, PVDF and polymer-coated materials, such as metals 
and ceramics for example. 

12. A process as defined in claim 1 1 , wherein said material implantable in an 
animal's body is ePTFE. 

13. A process as denned in claim 12, wherein said ePTFE is that of the internal 
surface of a vascular prosthesis. 

14. A process as defined in claim 1 3, wherein said vascular prosthesis has an 
inner diameter of about 1 to 30 mm. 

15. A material implantable in an animal's body produced by the process of any 
one of claims 1 to 14. 

16. A vascular prosthesis produced by the process of claim 1 3 or 14. 



17. 



A device comprising a material as defined in claim 15. 
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18. A device as defined in claim 17, wherein said device is to be used in 
contact with an animal's tissue. 

19. A device as defined in claim 1 8, wherein said tissue is blood tissue. 

5 

20. A device as defined in claim 1 8 or 1 9, wherein said device is selected from 
the group consisting of: 

An implant, a prosthesis, an artificial organ, a stent, a cardiac 
1 0 valve, an apparatus contacting blood during an extra-corporal 

blood circulation, an apparatus contacting blood during a 
dialysis treatment or any other material with surfaces coming 
in contact with blood. 

15 21. Use of a device as defined in any one of claims 1 7 to 20 for preventing 
thrombosis. 

22. A material suitable for contact with a living tissue characterized in having 
a surface that is resistant to neutrophil adhesion, platelet adhesion and 

20 activation but that enhances the development of fibroblasts and endothelial 

cells. 

23. A material as defined in claim 22 which is plasma-treated ePTFE with 
grafted PRC. 

25 

24. A device comprising a material as defined in claim 22 or 23. 



A device as defined in claim 24, wherein said device is selected from the 
group consisting of: 
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An implant, a prosthesis, an artificial organ, a stent, a cardiac 
valve, an apparatus contacting blood during an extra-corporal 
blood circulation, an apparatus contacting blood during a 
5 dialysis treatment or any other material with surfaces coming 

in contact with blood. 

26. Use of a device as defined in claim 24 or 25 for preventing thromb osi s. 



WO 02/070032 



PCT/CA02/00261 




WO 02/070032 



PCT/CA02/00261 



2/10 



F : 67.8% 
C : 32.2% 


Virgin PTFE prosthesis 

Fls 

Cls 

1 I. 




F : 37.5% 
C : 48.2% 
N : 11.6% 
0 : 2.7% 


Ammonia plasma treated 
Fls v 

Nls Cls 
01s I I 1 


, , — 1 1 [■ 



I 1 1 ' ' ' 

1000 800 600 400 200 0 



Binding Energy, eV 



SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT/CA02/00261 



3/10 





SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT/CA02/00261 



4 / 10 





SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT7CA02/00261 



5 / lO 




SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT/CA02/00261 



6 / tO 





40000i 




35000- 




30000 




25000- 




20000- 


llul 


15000- 








10000- 




5000 




0- 



is! 



Control Untreated Treated 



SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT/CA02/00261 



7/ IO 




SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT/CA02/00261 



8 / tO 




Individual 





2.5e4-7-r 




2.0e+7- 






3 

PL, 


1.5e+7- 


O 




~£ 


L0e+7- 












5.0e+6- 




0.0- 



^ Untreated 
— Treated 




2 3 4 5 6 

Individual 



.2H 



SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT/CA02/00261 



9/10 




12 3 4 5 6 

Individual 

T==r 




SUBSTITUTE SHEET (RULE 26) 



WO 02/070032 



PCT/CA02/00261 



IO/ IO 

Treated Untreated 




Treated Untreated 





+ ISC . T**==T-,Z:15I1 



SUBSTITUTE SHEET (RULE 26) 



INTERNATIONAL SEARCH REPORT 



Ir, ilional Application No 

PCI/CA 02/00261 



A. CLASSIFICATION OF SUBJECT MATTER , , 

IPC 7 A61L33/00 A61F2/06 B29C59/14 



According 1o International Patent Classification (IPC) or lo both nalional cU 



B. FIELDS SEARCHED 



tied (Classification system followed by classlffralton symbols) 

IPC 7 A61L A61F B29C 



in to the extent thai such documents are Included Ir 



Electronic data base consulted during Ihe ir 

EPO-Internal , WPI Data, PAJ, BIOSIS, MEDLINE 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category • Cilation o! document, with indication, where appropriate, of 



US 4 720 512 A <HU CAN B ET AL) 
19 January 1988 (1988-01-19) 

column l, line 5 - line 33 
examples 1-3 

US 5 914 115 A (SUBRAMANIAH RAO) 
22 June 1999 (1999-06-22) 

column 1, line 51 -column 2, line 7 
column 2, line 57 -column 3, line 67 
column 4, line 65 -column 5, line 40 
claims 1,2 

_/-- 



1-4, 

10-22, 

24-26 



1-4, 

10-22, 

24-26 



Further 



° Special categories ol cited documenls : 

"A" doeument^efining the general state of the art which Is not 

"E" earlier document but published on or after Ihe International 

bis on priority claim (s) or 
judication date o( another 
i (as specified) 

•O' 




Ihe same patenl family 



le actual completion of Ihe international search 



26 July 2002 



European Patent Office, P.B. 5618 Patentlaan 2 

INL-22aOHVRijswijk 
Tel. (+31-70) 340-2040, Tx. 31 651 epo nl. 
Fax: (+31-70) 340-3016 

Form PCT/1SA/210 (second shefH) [July 199Z) 



ile of mating of the 

09/08/2002 



INTERNATIONAL SEARCH REPORT 


lr ( itlonal Application No 

PCT/CA 02/00261 


C.(Contlnustlon) DOCUMENTS CONSIDERED TO BE RELEVANT 


Category ' 




Relevant to claim Nd. 


Y 
A 

Y 

A 
A 


EP 0 519 087 A (HEWLETT PACKARD GMBH) 
23 December 1992 (1992-12-23) 

page 2, line 1 - line 28 
page 6, line 24 -page 7, line 25 
claims 2,7,9 

SIPEHIA R: "X-ray photoelectron 
spectroscopy studies, surface tension 
measurements, immobilization of human 
serum albumin, human fibrinogen and human 
flbronectln onto ammonia plasma treated 
surfaces of biomaterials useful for 
cardiovascular implants and artificial 
cornea implants." 

BIOMATERIALS, ARTIFICIAL CELLS, AND 
IMMOBILIZATION BIOTECHNOLOGY: OFFICIAL 
JOURNAL OF THE INTERNATIONAL SOCIETY FOR 
ARTIFICIAL CELLS AND IMMOBILIZATION 
BIOTECHNOLOGY. UNITED STATES 1993, 
vol. 21, no. 5, 1993, pages 647-658, 
XP001084777 
ISSN: 1055-7172 
cited in the application 

abstract 

page 648, paragraph 2 -page 649, paragraph 

3 

page 654, last paragraph 
page 656, last paragraph 
tables 6-8 

SIPEHIA R: "The enhanced attachment and 

growth of endothelial cells on anhydrous 

ammonia gaseous plasma modified surfaces 

of polystyrene and 

pol y( tetraf 1 uoroethyl ene } . " 

BIOMATERIALS, ARTIFICIAL CELLS, AND. 

ARTIFICIAL ORGANS. UNITED STATES 1990, 

vol. 18, no. 3, 1990, pages 437-446, 

XP001095207 

ISSN: 0890-5533 

abstract 

page 439, paragraph 3 - paragraph 4 


23 

1-4, 
10-26 

23 

1-4, 
10-26 

1-4, 
10-26 



Form PCTVISA/210 (wnlinuatkm ol second shoot) [July 1992) 



International Application No. PCT/CA 02 (00261 



FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210 



Continuation of Box 1.1 

Although claims 21 and26 are directed to a method of treatment of the 
human/animal body, the search has been carried out and based on the 
alleged effects of the compound/composition. 



Continuation of Box 1.1 



Rule 39.1(1 v) PCT - Method for treatment of the human or animal body by 
surgery 



INTERNATIONAL SEARCH REPORT 


Bmatlonal application No. 
PCT/CA 02/00261 


Box ! Observations where certain claims were found unsearchable (Continuation of Hem 1 of first sheet) 


This international Search Report has not been established In respect of certain claims under Article !7(2)(a) lor the following reasons: 


1. [xl Claims Nos.: 

' — because they relate to subject matter not required to be searched by this Authority, 
see FURTHER INFORMATION sheet PCT/ISA/210 


tamely: 


2. 1 1 Claims NOS.: 

— because they relate to parts of the International Application that do not comply with 
an extent that no meaningful International Search can be carried out, specifically: 


he prescribed requirements to such 


3. 1 1 Claims Nos.: 

— because they are dependent claims and are not dratted in accordance with the secc 


nd and third sentences ol Rule 6.4(a). 


Box II Observations where unity of invention is lacking (Continuation of iter 


n 2 of first sheet) 


This International Searching Authority found multiple Inventions in this international applicatio 


n, as follows: 


1. I I As all required additional search fees were timely paid by the applicant, this Interna 
' — ' searchable claims. 


onal Search Report covers all 


2. PI As ail searchable claims could be searched without effort justifying an additional fee, this Authority did not Invite payment 
of any additional fee. 


3. I I As only some of the required additional search fees were timely paid by the applica 
1 — > covers only those claims tor which fees were paid, specifically claims Nos.: 


nt, this international Search Report 


4.1 1 No required additional search fees were timely paid by the applicant. Consequently, this International Search Report is 
— restricted to the invention first mentioned in the claims; It is covered by claims Nos.: 


Remark on Protest Q The additional search fees wer 


e accompanied by the applicant's protesl. 


| | No protest accompanied the payment ot additional search fees. 



Form PCT/ISA/210 (continuation of first sheet (1)) (July 1998) 



INTERNATIONAL SEARCH REPORT 


1 itlonal Application No 

fUl/CA 02/00261 


Patent document 
cited in search report 


Publication 
date 


Patent family 
member(s) 


Publication 
date 



US 4720512 A 19-01-1988 . US 4786556 A 22-11-1988 



US 5643580 A 01-07-1997 

AU 704572 B2 29-04-1999 

AU 3955795 A 06-05-1996 

EP 0782439 Al 09-07-1997 

JP 10507385 T 21-07-1998 

WO 9611668 Al 25-04-1996 



EP 0519087 


A 


23-12-1992 EP 


0519087 Al 


23-12-1992 






DE 


69125828 Dl 


28-05-1997 






DE 


69125828 T2 


31-07-1997 






JP 


5220217 A 


31-08-1993 






US 


5451428 A 


19-09-1995 



Form PCT/ISW210 (patontlamlly aims*) [July 1693) 



